Older adults exhibit greater motor variability, which impairs their accuracy and function, compared with young adults. Low-intensity training that emphasizes muscle coordination reduces variability in older adults. Furthermore, a low amount of visual feedback minimizes age-associated differences in variability. We hypothesize that an intervention that combines muscle coordination and reduced visual feedback would be advantageous to improve motor control in older adults. Figure 2. Associations between trajectory or end-point variability with force (top row) or movement (bottom row) error during goal-directed tasks.
INTRODUCTION
Motor output variability can be defined as the unintentional variations in the output of voluntary contractions and can be seen within a trial (e.g., movement trajectory) or from trial to trial (e.g., end-point variability) (7) . Older adults exhibit greater motor output variability than young adults, which often is associated with their inability to move smoothly and accurately (13) . In addition to impairing motor performance, amplified motor output variability also may weaken the ability of older adults to learn new tasks (6) . The amplified variability of voluntary contractions in older adults has been linked to altered activation of the involved muscles likely because of structural and neural changes that occur with aging at the higher centers (e.g., death of cortical neurons (17) ) and spinal cord (e.g., motor unit reorganization (18) ).
This age-associated augmentation in motor output variability can impair the ability even of healthy older adults to adapt to changing environments and consequently compromise their independence. Furthermore, the aging population will increase dramatically in the next 30 yrs and, in some developed nations (e.g., United States), may comprise 25% of the workforce (4) . Minimizing motor output variability in older adults is therefore essential because it will improve their performance and improve their capability of learning new tasks (6, 39) . This paper will summarize scientific evidence that demonstrate that altered muscle activation amplifies motor output variability in older adults with functional consequences. With some of our recent findings as basis, we hypothesize that amplified motor output variability in older adults can be minimized to the level of young adults by using an intervention protocol that combines low-intensity training that emphasizes muscle coordination and a low amount of visual feedback.
FUNCTIONAL SIGNIFICANCE OF AMPLIFIED MOTOR OUTPUT VARIABILITY
There is substantial experimental evidence that older adults exhibit greater motor output variability than young adults during isometric and anisometric voluntary contractions ( Fig. 1 ). For example, older adults are more variable than young adults when they attempt to maintain a constant force ( Fig. 1A) with various limbs including the finger (20) , elbow (21) , knee (37) , and foot (27) . Although these age-associated differences during constant force tasks are not always consistent in the literature (9) , it is generally accepted that these differences occur reliably for very low force levels (G5% maximal voluntary contraction force) (13, 18) . Older adults also are more variable than young adults when they attempt to trace a line while lifting and lowering inertial loads ( Fig. 1B) (13, 14, 18) . This is demonstrated by greater variability in displacement and acceleration of the index finger (5, 12) and the forearm (21) . Controlling movements while lowering a load seems to be harder than controlling movements while lifting a load for older adults (14) . Overall, when older adults attempt to maintain a constant force or to slowly control lifting and lowering of inertial loads, they exhibit greater within-trial variability than young adults, primarily for low-intensity contractions.
Augmentation in force and movement variability in older adults is presumably the consequence of differences in muscle activation. Because the motor unit is the final common pathway of the voluntary command to the muscle, these age-associated changes should be evident in the motor unit twitch force or discharge characteristics of motor units (18) . The motor unit twitch force does not seem to explain differences in force variability between young and older adults, and this has been shown by a combination of simulations and experimental findings. During simulations, the amplitude of force variability did not vary significantly when the twitch force of the motor unit was increased (18) . Furthermore, experimental findings suggest that, although older adults exhibited greater motor unit twitch force than young adults, training of the first dorsal interosseus muscle reduced their force variability without changing their motor unit twitch force (24) . Thus, it is possible that either the motor unit size is not a significant contributor to force variability or other neural activation mechanisms are more relevant to force variability. Recent evidence suggests that force variability seems to be associated with low-frequency oscillations (common drive) in the discharge rate of multiple motor units (31) . Nonetheless, because this study only examined the neural control of motor units in young adults, its findings cannot explain age-associated differences in motor output variability. One neural activation mechanism that is different (greater) in older adults V and has been associated with their amplified variability when they attempt to maintain a constant force (18, 28) or when they attempt to control lifting and lowering of inertial loads (26) V is the variability of the motor unit discharge. Because the motor unit discharge rate variability has been associated with synaptic noise (30) , these findings support the hypothesis (22) that part of motor output variability within a trial may be noise superimposed on the motor command at any level of the nervous system. Therefore, variability in such tasks demonstrates the impaired ability of older adults to control force or movement within a trial and suggests that these differences are amplified for low-intensity contractions likely because of a noisier activation of motor units.
The age-associated differences seem to be even greater and more consistent when motor output variability is examined from trial to trial (Fig. 1C ). Typically, such tasks involve goaldirected contractions. For example, when young and older adults attempt to match a target with voluntary contractions of the first dorsal interosseus muscle (11) or knee extensors (9), they exhibit greater end-point variability in force, space (position displacement), and temporal parameters. The differences seem to be greater for the temporal characteristics of movement, when subjects are required to lower an inertial load, and for lower contraction intensities (10, 12, 14) . The activation of antagonistic muscles (e.g., observed triphasic pattern) seems to be the main neuromuscular mechanism that explains the age differences in end-point variability. This altered activation of the antagonistic muscles in older adults can be observed as a change in the required triphasic pattern of the antagonistic muscles (11) or as increased coactivation (10, 34) . These findings demonstrate that older adults also exhibit greater end-point variability, which seems to be related to an altered synergistic activation of the antagonistic muscles.
Theoretically, the functional significance of motor output variability is that it can impair the ability of humans to perform accurate movements (22) . Recent experimental findings support this notion and provide evidence that both forms of variability (within trial and between trials) are strongly associated with greater end-point error in force, displacement, and time in older adults. For example, we have shown that endpoint accuracy of goal-directed force (11) and movement tasks (10) is influenced by greater trajectory variability and greater end-point variability in older adults (Fig. 2 ). Therefore, these findings demonstrate that noisy trajectories and greater endpoint variability (10) can impair the ability of older adults to exert accurate single joint movements. Interestingly, trajectory variability and end-point variability likely result from independent mechanisms because they contribute uniquely to endpoint accuracy in young and older adults (10) .
Recent experiments provide evidence that the amplified motor output variability observed in older adults also can and lengthening (descending limb) contractions while lifting a light load with the same muscle (10% 1-repetition maximum). Movement (or force) variability is quantified as the variations (SD) in the movement trajectory filtering out the frequency of the task (bottom trace of B). C. A single trial during a goal-directed force task, where subjects attempt to match a forcetime target by exerting 20% of their maximum force in 200 milliseconds (placing their peak force on the center of the force-time target). Each black dot represents their peak force for 20 different trials. Variability in force (or displacement) can be quantified as the SD of peak force across trials (y axis), whereas variability in time to peak force can be quantified as the SD of time to peak force across trials (x axis). End-point accuracy for force is quantified as the average of the shortest distance of the peak force across trials from the targeted force, whereas end-point accuracy for time is quantified as the average of the shortest distance of the exerted time to peak force across trials from the targeted time to peak force. Trajectory variability is quantified from the variations of the detrended force from the start to the peak force of each trial (bottom trace of C). MVC, maximal voluntary contraction.
impair their ability to perform functional movements. For example, the amplified force variability in older adults during low-intensity isometric plantar flexion contractions predicted their variability of center of pressure during quiet standing (27) . In addition, there is a moderate correlation between the force variability exerted with abduction of the index finger or with a precision pinch task and the ability of older adults to perform functional tasks that require manual dexterity (29) . Finally, these results are supported by training interventions in older adults. Specifically, older adults who participated in low-intensity training with the index finger for 2 wk demonstrated not only improvements in the finger task but also improvements in a manual dexterity task (26) . Overall, these findings suggest that the amplitude of motor output variability during tasks that require contractions (but not movement) with one joint (e.g., plantar flexion) can predict age-associated differences in function (such as standing) and manual dexterity. In summary, amplified motor output variability may predispose older adults to movement errors, which could have significant functional consequences. Therefore, it is important to devise interventions that minimize motor output variability in older adults.
TRAINING TO REDUCE MOTOR OUTPUT VARIABILITY IN OLDER ADULTS
The brain of an older adult remains plastic, which suggests that training can potentially stimulate the brain of an older adult to develop alternative strategies and minimize the ageassociated impairments in motor performance that are caused by structural changes (16) . On average, the impact of two types of interventions has been examined on reducing the amplified motor output variability of older adults, that of strength training and low-intensity training (controlled movements with light loads).
In the last decade, an important conclusion from studies that examined motor output variability before and after an intervention is that strength training does not necessarily reduce motor output variability in older adults. The disassociation between improvements in strength and improvements in variability is shown by the following findings: 1) older adults exhibit similar strength with young adults, especially for hand contractions, but greater motor output variability ( Fig. 3) . 2) Similar improvements in motor output variability can be achieved with low-or high-intensity practice of the first dorsal interosseous (26) and of the knee extensors (23) . For example, when older adults trained for 2 wk with a light load (10% maximum), they significantly reduced movement trajectory variability (26) . This lowintensity training was followed with 4 wk of heavy load training (70% of maximum), and although it further improved the strength of the first dorsal interosseus, it had no effect on motor output variability. 3) Furthermore, longitudinal studies found that in strength training, the knee extensors improved strength but did not improve fluctuations in motor output (2). 4) Some training interventions on older adults, such as practicing the martial art Taiji (15) , clearly demonstrate that there was a dissociation between strength gains and reductions in motor output variability. Therefore, strength training or highintensity protocols do not seem to be essential to reduce motor output variability in older adults.
In contrast to strength training or high-intensity training protocols, interventions that emphasized smooth limb interaction (coordination) improved the consistency of motor output in various muscle groups (15, 32) . Although the exact neuromuscular mechanisms are not clear, it has been hypothesized that appropriate coactivation of the antagonistic muscles can improve movement accuracy (34) . In one study, subjects learned to roll two metal balls clockwise and counterclockwise in their palm using independent and coordinated movements of their fingers (32) . Although this training protocol did not improve strength, it reduced the fluctuations in force during a lowintensity pinch (G20% maximal voluntary contraction force) and improved the ability of individuals to accurately displace a small object with the hand. Furthermore, when older adults were trained with Taiji for 16 wk, both muscle strength and fluctuations in force improved in the knee extensors (15) . Nonetheless, strength improvements were not associated with improvements in fluctuations in force. These results suggest that low-intensity intervention protocols that emphasize muscle coordination seem to be effective in reducing motor output variability in older adults.
Nonetheless, some of our most recent data indicate that these improvements in motor output variability in older adults can occur within a single practice session (Fig. 4) . For example, after approximately 40 trials of goal-directed contractions, older adults reduce trajectory variability and end-point variability to the level of young adults by changing the amplitude and timing of antagonistic muscles (11) . In addition, within a session of tracing a continuous sinusoidal movement, when visual feedback is removed, older adults exhibit similar movement variability to young adults (8) . It is possible that such fast improvements may be associated with how older adults use sensory information to organize the motor command. The (11)). The bottom row demonstrates maximal load that can be lifted (1-repetition maximum, left panel), movement trajectory variability (middle panel), and end-point variability (spatial variability, right panel) during a goal-directed movement in young and older adults with the index finger (data adapted from (10)). Overall, the findings suggest that, although young and older adults exert similar maximal capabilities with the index finger, older adults exert greater trajectory and end-point variability than young adults. This suggests that the amplified motor output variability in older adults is not associated with reductions in muscle strength. Figure 4 . Reduction in age-associated differences in motor output variability with short-term practice. The figure shows the short-term adaptations in end-point variability for young (white bars) and older (black bars) adults during a single session of practicing a goal-directed isometric force task (data adapted from (11)). It is clear that after four blocks of practice (È40 trials), older adults exhibited similar end-point variability in force with young adults, which they maintained throughout the session. These fast adaptations suggest that older adults adjust neural mechanisms (sensory or motor adaptations) to reduce motor output variability. amount of visual feedback provided to older adults seems to be critical on their ability to reduce motor output variability during voluntary contractions.
INTERACTION OF AGING AND AMOUNT OF VISUAL FEEDBACK
It has been proposed that the central nervous system attempts to reduce motor output variability through feedback control (33) . Vision is one source of sensory information that can provide feedback to the central nervous system and consequently allow for motor corrections and adjustments (19) . There are numerous changes that occur to the visual system with aging that can potentially alter the ability of older adults to perform visuomotor tranformations and corrections and thus exhibit greater motor output variability (35) . These mechanisms will not be discussed because they are beyond the scope of this paper.
There is indirect and direct evidence that reducing the amount of visual feedback can minimize the age-associated differences in motor output variability. The indirect evidence comes from diverse findings in force variability. For example, force variability with the knee extensors is greater for older adults when they are provided with visual feedback of the task (37), whereas force variability is similar for young and older adults when the same task is performed under no visual feedback (9) . The first direct evidence that greater amount of visual feedback amplifies force variability in older adults, however, was likely demonstrated in 2006 by Sosnoff and Newell (35) . Specifically, their findings suggested that force variability in older adults was exacerbated when the visual gain increased from 2 to 512 p/N. Furthermore, some recent findings suggest that force variability exerted with the elbow flexors (36) or knee extensors (38) is reduced in older adults when visual feedback is removed. It seems that motor unit discharge rate variability decreases in older adults when visual feedback is removed (38) .
A series of experiments in our laboratory confirm the above findings during constant isometric contractions and extend them to movements. These results suggest that one way to reduce the variability of motor output within a trial in older adults is to reduce the amount of visual feedback (1, 25) . For instance, when we decreased the amount of visual feedback of the task from 1.5 to 0.05 degrees (visual angle = 2 * tan j1 (height of the force signal/distance of the eye to the monitor)) during constant isometric contractions, older adults exerted similar force variability to young adults (Fig. 5A) (25) . Our results suggest that the modulation of the agonist muscle activity with changes in visual feedback is different for young and older adults and can potentially explain the age-associated differences in motor output variability. The frequency band of interest was from 13 to 60 Hz, which has been associated with the cortical drive to modulate the motor neuron pool (3). Specifically, young adults were not significantly influenced by variations in the amount of visual feedback because they increased the activation of the agonist muscle from 13 to 60 Hz. In contrast, older adults exhibited greater force variability with greater visual feedback because they did not modulate the agonist muscle at any frequency bands. These findings Figure 5 . Reduction in the amount of visual feedback minimizes age-associated differences in motor output variability during constant tasks. The top row demonstrates force variability at three different visual angles (lowest amount of visual feedback to the right) during constant isometric force tasks (data adapted from (25) ). The bottom row demonstrates force variability at three different visual angles (lowest amount of visual feedback to the right) during constant position tasks (data adapted from (1)). Collectively, the findings suggest that lower amount of visual feedback minimizes (and in some cases, eliminates it V see lowest gain during the force task) the age-associated differences in force and positional variability during constant tasks.
Motor Output Variability in Older Adults 81 remain consistent when young and older adults maintain a constant position task with abduction of the index finger or with dorsiflexion of the foot (1). The visual gain was manipulated by changing the visual angle from 0.1 to 4 degrees. For older adults, positional variability increased with greater amount of visual feedback, whereas for young adults, positional variability did not change with manipulation of visual feedback (Fig. 5B ).
Similar findings also are observed during sinusoidal movements. For example, when older adults practiced a slow sinusoidal task while lifting and lowering a light inertial load with abduction-adduction movement of the index finger, the trials that were produced with visual feedback induced significantly greater movement variability in older adults (8) . However, when young and older adults exerted this movement out of memory (visual feedback was removed), there was no difference between young and older adults in movement variability ( Fig. 6A ). To determine whether the amount of visual feedback was responsible for eliminating the age-associated differences in movement variability, we manipulated the amount of visual feedback from 0.25 to 5.4 degrees in a followup experiment. When young and older adults performed slow sinusoidal movements with abduction-adduction of the index finger and with dorsiflexion-plantar flexion of the foot (1). Figure 6 . Removal of visual feedback ameliorates age-associated differences in motor output variability during sinusoidal tasks. Young (white bars) and older (black bars) adults practiced sinusoidal movements with abduction-adduction of the index finger. The amount of visual feedback was 5.4 degrees. Following every block of five trials (a total of eight blocks in the practice session), young and older adults performed the sinusoidal task from memory (target was present but not their movement trace; thus, visual feedback was not available). During the practice trials with visual feedback (left panel), older adults exhibited greater movement variability than young adults (data adapted from (8)). In contrast, during the memory trials, movement variability in older adults decreased to the level of young adults. These results suggest that visual feedback is instrumental in amplifying motor output variability in older adults during movements. Figure 7 . Reduction in the amount of visual feedback minimizes age-associated differences in motor output variability during sinusoidal tasks. The top row demonstrates movement variability at three different visual angles (lowest amount of visual feedback to the right) when subjects attempt to match a slow sinusoidal task with the finger, whereas the bottom row demonstrates movement variability under the same conditions when the subjects attempt to match a slow sinusoidal movement task with the foot (dorsiplantar flexion; data adapted from (1)). Collectively, the findings suggest that lower amount of visual feedback minimizes the age-associated differences in movement variability during sinusoidal tasks.
Our findings indicate that age-associated differences in movement variability were minimized when young and older adults performed the task with the lowest visual gain (Fig. 7) . Overall, these findings suggest that during constant contractions and movements, a greater amount of visual feedback amplifies motor output variability in older adults and impairs their ability to control motor tasks.
SUMMARY
In summary, it is clear that older adults exert greater motor output variability, which impairs their functional capabilities, compared with young adults. This age-associated amplification in motor output variability seems to be related to the noisier activation of motor units or an altered synergistic activation of the antagonistic muscles. In addition, recent findings suggest that when older adults are given a greater amount of visual feedback, they exhibit greater motor output variability than young adults. These results suggest that other mechanisms, such as impaired visuomotor transformations or visuomotor corrections, also may contribute to the amplified motor output variability in older adults.
Nonetheless, research suggests that older adults can decrease the amplified motor output variability with training. Evidence indicates that high-intensity training (e.g., strength training) is not beneficial in reducing motor output variability, whereas low-intensity training that emphasizes limb (muscle) coordination can decrease motor output variability in older adults. In addition, recent findings indicate that low amount of visual feedback minimizes and, in some cases, ameliorates the ageassociated differences in motor output variability. Therefore, with our collective findings as basis, we propose that the optimal intervention to improve motor control in older adults should combine low-intensity training, muscle coordination, and low amount of visual feedback. However, further research is needed to determine whether a low amount of visual feedback would be optimal to maximize the benefits of low-intensity training that emphasizes muscle coordination on motor control and learning in older adults.
